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Introduction
Since the financial crisis, investors tend to look for products with a long-time horizon that are less sensitive to short-term market fluctuations. When pricing these exotic contracts, it is desirable to incorporate in a mathematical model the patterns present in the market that are relevant to the product. Due to the existence of complex foreign exchange (FX) products, like the PowerReverse Dual-Currency (Sippel and Ohkoshi, 2002) , the Equity-CMS Chameleon or the Equity-Linked Range Accrual TRAN swaps (Caps, 2007) , that all have a long lifetime and are sensitive to smiles or skews in the market, improved models with stochastic interest rates need to be developed.
The literature on modelling FX rates is rich and many stochastic models are available. An industrial standard is a model from Frey and Sommer (1996) and Sippel 4 L. A. Grzelak and C. W. Oosterlee where d (t, T), f (t, T) are the volatility functions of the instantaneous forward rates f d (t, T) , f f (t, T), respectively, that are given by
df f (t, T) = f (t, T)
Proof. For the proof see Musiela and Rutkowski (1997) .
The spot-rates at time t are defined by r d (t) ≡ f d (t, t) , r f (t) ≡ f f (t, t) . By means of the volatility structures, d (t, T), f (t, T), one can define a number of short-rate processes. In our framework the volatility functions are chosen to be d (t, T) = η d exp (−λ d (T − t)) and f (t, T) = η f exp −λ f (T − t) . The Hull-White short-rate processes, r d (t) and r f (t) as in Equations (1) and (2), are then obtained and the term structures, θ d (t), θ f (t), expressed in terms of instantaneous forward rates, are also known. The choice of specific volatility determines the dynamics of the ZCBs:
with B d (t, T) and B f (t, T) as in Equation (3), given by
For a detailed discussion on short-rate processes, we refer to the analysis of Musiela and Rutkowski (1997) . In the next subsection we define the FX hybrid model.
The Model with Correlated Gaussian Interest Rates
The FX-HHW model, with all processes defined under the domestic risk-neutral measure, Q, is of the following form: Here, the parameters κ, λ d and λ f determine the speed of mean reversion of the latter three processes and their long-term mean is given byv, θ d (t) and θ f (t), respectively. The volatility coefficients for the processes r d (t) and r f (t) are given by η d and η f and the volatility-of-volatility parameter for process v(t) is γ .
In the model we assume a full matrix of correlations between the Brownian motions
Under the domestic-spot measure the drift in the short-rate process, r f (t), gives rise to an additional term, −η f ρ ξ ,f v(t). This term ensures the existence of martingales, under the domestic-spot measure, for the following prices (for more discussion, see Shreve (2004) ):
where P f (t, T) is the price foreign ZCB (Equation (9)), and the money savings accounts M d (t) and M f (t) are from Equation (4). To see that the processes χ 1 (t) and χ 2 (t) are martingales, one can apply the Itô product rule, which gives
The change of dynamics of the underlying processes, from the foreign-spot to the domestic-spot measure, also influences the dynamics for the associated bonds, which, under the domestic risk-neutral measure, Q, with the money savings account considered as a numéraire, have the following representations:
with B d (t, T) and B f (t, T) as in Equation (10). Downloaded by [Lech A. Grzelak] at 23:53 23 January 2012
Pricing of FX Options
In order to perform efficient calibration of the model, we need to be able to price basic options on the FX rate, V (t, X(t)), for a given state vector,
Now, we consider a forward price, (t), such that
By Itô's lemma we have
with V (t) := V (t, X(t)). We know that (t) must be a martingale, that is, E(d (t)) = 0. Including this in Equation (17) gives the following Fokker-Planck forward equation for V :
This 4D partial differential equation (PDE) contains non-affine terms, like squareroots and products. It is therefore difficult to solve it analytically and a numerical PDE discretization, like finite differences, needs to be employed. Finding a numerical solution for this PDE is therefore rather expensive and not easily applicable for model calibration. In Subsection 2.2.1, we propose an approximation of the model, which is useful for calibration. Downloaded by [Lech A. Grzelak] To reduce the complexity of the pricing problem, we move from the spot measure, generated by the money savings account in the domestic market, M d (t), to the forward FX measure where the numéraire is the domestic ZCB, P d (t, T). As indicated in Musiela and Rutkowski (1997) and Piterbarg (2006) , the forward is given by
where FX T (t) represents the forward exchange rate under the T-forward measure, and ξ (t) stands for FX rate under the domestic-spot measure. The superscript should not be confused with the transpose notation used at other places in the text.
By switching from the domestic risk-neutral measure, Q, to the domestic T-forward measure, Q T , the discounting will be decoupled from taking the expectation, that is,
In order to determine the dynamics for FX T (t) in Equation (18), we apply Itô's formula:
After substitution of SDEs (11), (15) and (16) into (20), we arrive at the following FX forward dynamics:
Since FX T (t) is a martingale under the T-forward domestic measure, that is, (11) is governed by the following dynamics:
where
with a full matrix of correlations given in Equation (12), and with
given by Equation (10).
The proof can be found in Appendix A.
From the system in Lemma 2.2 we see that after moving from the domestic-spot Q measure to the domestic T-forward Q T measure, the forward exchange rate FX T (t) does not depend explicitly on the short-rate processes r d (t) or r f (t). It does not contain a drift term and only depends on dW
Remark 1. Since the sum of three correlated, normally distributed random variables, Q = X + Y + Z, remains normal with the mean equal to the sum of the individual means and the variance equal to
we can represent the forward Equation (22) as
Although the representation in Equation (26) Remark 2. The dynamics of the forwards, FX T (t) in Equation (22) or in Equation (26), do not depend explicitly on the interest rate processes, r d (t) and r f (t), and are completely described by the appropriate diffusion coefficients. This suggests that the short-rate variables will not enter the pricing PDE. Note that this is only the case for models in which the diffusion coefficient for the interest rate does not depend on the level of the interest rate.
In Section 2.3, we derive the corresponding pricing PDE and provide model approximations.
Approximations and the Forward Characteristic Function
As the dynamics of the forward FX, FX T (t), under the domestic forward measure involve only the interest rate diffusions dW T d (t) and dW T f (t), a significant reduction of the pricing problem is achieved.
In order to find the forward ChF we take, as usual, the log-transform of the forward rate FX T (t), that is, x T (t) := log FX T (t), for which we obtain the following dynamics:
with the variance process, v(t), given by
where we used the notation B d := B d (t, T) and B f := B f (t, T), and
By applying the Feynman-Kac theorem, we can obtain the characteristic function of the forward FX rate dynamics. The forward characteristic function T) , is the solution of the following Kolmogorov backward PDE:
This PDE contains, however, non-affine √ v-terms so that it is non-trivial to find the solution. Recently, in Grzelak and Oosterlee (2011) , we have proposed two methods for linearization of these non-affine1985). The first method is to project the non-affine square root terms on their first moments. This is also the approach followed here.
2
The approximation of the non-affine terms in the corresponding PDE is then done as follows: We assume
with the expectation of the square root of v(t) given by
and
(k) is the gamma function defined by
Although the expectation in Equation (30) is a closed form expression, its evaluation is rather expensive. One may prefer to use a proxy, for example,
in which the constant coefficients β 1 , β 2 and β 3 can be determined by asymptotic equality with Equation (30) (see Grzelak and Oosterlee (2011) for details). Projection of the non-affine terms on their first moments allows us to derive the corresponding forward characteristic function, φ T , which is then of the following form:
where τ = T − t, and the functions 
With B(τ ) = iu, the complex-valued function C(τ ) is of the Heston-type (Heston, 1993) , and its solution reads
with C(s) in Equation ( By the projection of v(t) on its first moment in Equation (29), the corresponding PDE is affine in its coefficients, and reads
with
The three terms, 1 , 2 and 3 , in the PDE (Equation (35)) contain the function
12 L. A. Grzelak and C. W. Oosterlee 
When solving the pricing PDE for t → T, the terms B d (t, T) and B f (t, T) tend to zero, and all terms that contain the approximation vanish. The case t → 0 is furthermore
Under the T-forward domestic FX measure, the projection of the non-affine terms on their first moments is expected to provide high accuracy. In Section 2.5 we perform a numerical experiment to validate this.
It is worth mentioning that also an alternative approximation for the non-affine terms v(t) is available (see Grzelak and Oosterlee, 2011) . This alternative approach guarantees that the first two moments are exact. In this article we stay, however, with the first representation.
Pricing a Foreign Stock in the FX-HHW Model
Here, we focus our attention on pricing a foreign stock, S f (t), in a domestic market. With this extension we can in principle price equity-FX-interest rate hybrid products.
With an equity smile/skew present in the market, we assume that S f (t) is given by the Heston SV model: (36) where Z indicates the foreign-spot measure and the model parameters, κ f , γ f , λ f , θ f (t) and η f , are as before.
Before deriving the stock dynamics in domestic currency, the model has to be calibrated in the foreign market to plain vanilla options. This can be efficiently done with the help of a fast pricing formula.
With the foreign short-rate process, r f (t), established in Equation (11), we need to determine the drifts for S f (t) and its variance process, ω(t), under the domestic-spot measure. The foreign stock, S f (t), can be expressed in domestic currency by multiplication with the FX, ξ (t), and by discounting with the domestic money savings account, M d (t). Such a stock is a tradable asset, so the price ξ (t)S f (t)/M d (t) (with ξ (t) in Equation (11), S f (t) from Equation (36) and the domestic money-saving account M d (t) in Equation (4)) needs to be a martingale.
By applying Itô's lemma to
where Q and Z indicate the domestic-spot and foreign-spot measures, respectively. To make process Under the change of measure, from foreign-to domestic-spot, S f (t) has the following dynamics:
The variance process is correlated with the stock and by the Cholesky decomposition we find
. (39) S f (t) in Equation (38) and ω(t) in Equation (39) are governed by several non-affine terms. Assuming that the foreign stock, S f (t), is already calibrated to market data, we only need to simulate the foreign stock dynamics in the domestic market. Monte Carlo simulation of the foreign stock under domestic measure can be done as, for example, presented in Andersen (2007) . The outstanding property of Andersen's QE Monte Carlo scheme is that the Heston model can be accurately simulated when the Feller condition is satisfied as well as when this condition is violated.
Numerical Experiment for the FX-HHW Model
In this section we check the errors resulting from the various approximations of the FX-HHW1 model. We use the set-up from Piterbarg (2006) , which means that the interest rate curves are modelled by ZCBs defined by
The correlation structure, defined in Equation (12), is given by The initial spot FX rate (Dollar, $, per Euro, €) is set to 1.35. For the FX-HHW model, we compute a number of FX option prices with many expiries and strikes, using two different pricing methods.
The first method is the plain Monte Carlo method, with 50.000 paths and 20T i steps, for the full-scale FX-HHW model, without any approximations.
For the second pricing method, we have used the ChF, based on the approximations in the FX-HHW1 model in Section 2.3. Efficient pricing of plain vanilla products is then done by means of the COS method (Fang and Oosterlee, 2008) , based on a Fourier cosine series expansion of the probability density function, which is recovered by the ChF with 500 Fourier cosine terms.
We also define the experiments as in Piterbarg (2006), with expiries given by T 1 , . . . , T 10 , and the strikes are computed by the formula (18) with ξ (0) = 1.35. This formula for the strikes is convenient, since for n = 4, strikes K 4 (T i ) with i = 1, . . . , 10 are equal to the forward FX rates for time T i . The strikes and maturities are presented in Table B1 in Appendix B.
The option prices resulting from both models are expressed in terms of the implied Black volatilities. The differences between the volatilities are tabulated in Table 1 . The approximation FX-HHW1 appears to be highly accurate for the parameters considered.
We report a maximum error of about 0.1% volatility for at-the-money options with a maturity of 30 years and less than 0.07% for the other options.
Given that the exchange rate is defined in units of domestic currency per unit of foreign currency, it is also plausible to assume positive correlation between the exchange Table 1 . Differences, in implied volatilities, between the FX-HHW and FX-HHW1 models. Table B1 in Appendix B (ξ (0) = 1.35).
rate and foreign interest rates. Similar results in terms of accuracy are obtained when the correlations ρ ξ ,d and ρ ξ ,f are positive (see Table B3 in Appendix B). In Subsection 2.5.1, the calibration results to FX market data are presented.
Calibration to Market Data.
We discuss the calibration of the FX-HHW model to FX market data. In the simulation the reference market-implied volatilities are taken from Piterbarg (2006) and are presented in Table B2 in Appendix B.
In the calibration routine the approximate model FX-HHW1 was applied. The correlation structure is as in Equation (41). In Figure 1 some of the calibration results are presented. Our experiments show that the model can be well calibrated to the market data. For long maturities and for deep-in-the-money options, some discrepancy is present. This is however typical when dealing with the Heston model (not related to our approximation), since the skew/smile pattern in FX does not flatten for long maturities. This was sometimes improved by adding jumps to the model (Bates' model). In Appendix B in Table B4 the detailed calibration results are tabulated.
Short-rate interest rate models can typically provide a satisfactory fit to at-themoney interest rate products. They are therefore not used for pricing derivatives that are sensitive to the interest rate skew. This is a drawback of the short-rate interest rate models. In Section 3, an extension of the framework, so that interest rate smiles and skews can be modelled as well, is presented.
Multi-Currency Model with Interest Rate Smile
In this section, we discuss a second extension of the multi-currency model, in which an interest rate smile is incorporated. This hybrid model models two types of smiles, the smile for the FX rate and the smiles in the domestic and foreign fixed income markets. We abbreviate the model by FX-HLMM. It is especially interesting for FX products Downloaded by [Lech A. Grzelak] at 23:53 23 January 2012 that are exposed to interest rate smiles. A description of such FX hybrid products can be found in the handbook by Hunter (Hunter and Picot 2005) .
A first attempt to model the FX by SV and interest rates driven by a market model was proposed in Takahashi and Takehara (2008) , assuming independence between log-normal-Libor rates and FX. In our approach we define a model with non-zero correlation between FX and interest rate processes.
As in the previous sections, the SV FX is of the Heston type, which under domestic risk-neutral measure, Q, follows the following dynamics:
with the parameters as in Equation (11). Since we consider the model under the forward measure, the drift in the first SDE does not need to be specified (the dynamics of domestic-forward FX ξ (t)P f (t, T)/P d (t, T) do not contain a drift term).
In the model we assume that the domestic and foreign currencies are independently calibrated to interest rate products available in their own markets. For simplicity, we also assume that the tenor structure for both currencies is the same, that is,
For each currency we choose the SV-DD Libor Market Model from Andersen and Andreasen (2002) for the interest rates, under the T-forward measure generated by the numéraires P d (t, T) and P f (t, T), given by
with In the model, v d,k (t) and v f ,k (t) determine the level of the interest rate volatility smile; the parameters β d,k (t) and β f ,k (t) control the slope of the volatility smile; and λ d , λ f determine the speed of mean-reversion for the variance and influence the speed at which the interest rate volatility smile flattens as the swaption expiry increases (Piterbarg, 2005) . Parameters η d , η f determine the curvature of the interest rate smile.
The following correlation structure is imposed 4 , between
FX and its variance process, v(t): dW
T ξ (t)dW T v (t) = ρ ξ ,v dt, FX and domestic Libors, L d,j (t) : dW T ξ (t)dW d,T j (t) = ρ d ξ ,j dt, FX and foreign Libors, L f ,j (t) : dW T ξ (t)d W f ,T j (t) = ρ f ξ ,j dt, Libors in domestic market: dW d,T k (t)dW d,T j (t) = ρ d k,j dt, Libors in foreign market: d W f ,T k (t)d W f ,T j (t) = ρ f k,j dt,
Libors in domestic and foreign markets: dW
We prescribe a zero correlation between the remaining processes, that is, between
Libors and their variance process,
Libors and the FX variance process,
FX and the Libor variance processes,
The correlation structure is graphically displayed in Figure 2 . Throughout this article we assume that the SV-DD model in Equations (45) and (46) is already in the effective parameter framework as developed in Piterbarg (2005) . This means that approximate time-homogeneous parameters are used instead of the time-dependent parameters, that is, β k (t) ≡ β k and v k (t) ≡ v k . Downloaded by [Lech A. Grzelak] With this correlation structure, we derive the dynamics for the forward FX, given by
(see also Equation (18)) with ξ (t) the spot exchange rate and P d (t, T) and P f (t, T) ZCB. Note that the bonds are not yet specified. When deriving the dynamics for Equation (49), we need expressions for the ZCB, P d (t, T) and P f (t, T). With Equation (44), the following expression for the final bond can be obtained:
with T = T N and m(t) = min(k : t ≤ T k ) (empty products in Equation (50) are defined to be equal to 1). The bond P i (t, T N ) in Equation (50) is fully determined by the Libor rates L i,k (t), k = 1, . . . , N and the bond P i (t, T m(t) ). Whereas the Libors L i,k (t) are defined by Equation (45) and (46), the bond
is not yet well defined in the current framework. To define continuous time dynamics for a ZCB, interpolation techniques are available (see, e.g. Beveridge and Joshi, 2009; Davis and Mataix-Pastor, 2009; Piterbarg, 2004; Schlögl, 2002a) . We consider here the linear interpolation scheme, proposed in Schlögl (2002a), which reads In our previous work (Grzelak and Oosterlee, 2010) , this basic interpolation technique was very satisfactory for the calibration. By combining Equation (51) with Equation (50), we find for the domestic and foreign bonds:
When deriving the dynamics for FX T (t) in Equation (49) we will not encounter any dt-terms (as FX T (t) has to be a martingale under the numéraire P d (t, T)). For each ZCB, P d (t, T) or P f (t, T), the dynamics are determined under the appropriate T-forward measures (for P d (t, T) the domestic T-forward measure, and for P f (t, T) the foreign T-forward measure). The dynamics for the ZCB, driven by the Libor dynamics in Equations (45) and (46), are given by
and the coefficients were defined in Equations (45) and (46). By changing the numéraire from P f (t, T) to P d (t, T) for the foreign bond, only the drift terms will change. Since FX T (t) in Equation (49) is a martingale under the P d (t, T) measure, it is not necessary to determine the appropriate drift correction.
By taking Equation (20) for the general dynamics of Equation (49) and neglecting all the dt-terms, we get
Note that the hat in W disappeared from the Brownian motion dW f ,T j (t) in Equation (54), which is an indication for the change of measure from the foreign to the domestic measure for the foreign Libors. Downloaded by [Lech A. Grzelak] 
at 23:53 23 January 2012
Since the SV process, v(t), for FX is independent of the domestic and foreign Libors, L d,k (t) and L f ,k (t), the dynamics under the P d (t, T)-measure do not change 5 and are given by
The model given in Equation (54) with the stochastic variance in Equation (55) and the correlations between the main underlying processes is not affine. In Section 3.1 we discuss a linearization.
Linearization and Forward Characteristic Function
The model in Equation (54) is not of the affine form, as it contains terms like
In order to derive a characteristic function, we freeze the Libor rates, which is standard practice (see, e.g. Glasserman and Zhao, 1999; Hull and White, 2000; Jäckel and Rebonato, 2000) , that is,
This approximation gives the following FX T (t)-dynamics:
with i = {d, f }, A = {m(t) + 1, . . . , N}, the correlations are given in Equation (48) and
We derive the dynamics for the log-transform of FX T (t), x T (t) = log FX T (t), for which we need to calculate the square of the diffusion coefficients.
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With the notation, (58) we find for the square diffusion coefficient (a + b − c) 2 = a 2 + b 2 + c 2 + 2ab − 2ac − 2bc. So, the dynamics for the log-forward, x T (t) = log FX T (t), can be expressed as
with the coefficients a, b and c given in Equation (58). Since
we find (t, v(t), v d (t) , v f (t)) := (2ab − 2ac − 2bc)/dt, we can express the dynamics for dx T (t) in Equation (59) by
The coefficients ψ d,j , ψ f ,j , A d and A f in Equations (57), (60) and (61) are deterministic and piecewise constant. In order to make the model affine, we linearize the non-affine terms in the drift in
) by a projection on the first moments, that is,
The variance processes v(t), v d (t) and v f (t) are independent CIR-type processes (Cox et al., 1985) , so the expectation of their products equals the product of the expectations. Function f (t) can be determined with the help of the formula in Equation (30) . The approximation in Equation (62) linearizes all non-affine terms in the corresponding PDE. As before, the forward characteristic function, φ T := φ T (u, X(t), t, T), is defined as the solution of the following backward PDE: j = 1, . . . , N, A d (t) and A f (t) are from Equations (60) and (61).
The resulting approximation of the full-scale FX-HLMM model is called FX-LMM1 here.
Foreign Stock in the FX-HLMM Framework
We also consider a foreign stock, S f (t), driven by the Heston SV model, with the interest rates driven by the market model. The stochastic processes of the stock model are assumed to be of the same form as the FX (with one, foreign, interest rate curve) with the dynamics, under the forward foreign measure, given by
Variance process, ω(t), is correlated with forward stock S T (t). We move to the domestic-forward measure. The forward stock, S T f , and forward FX rate, FX T (t), are defined by
The quantity,
is therefore a tradable asset. So, foreign stock exchanged by an FX rate and denominated in the domestic ZCB is a tradable quantity, which implies that S T f (t)FX T (t) is a martingale. By Itô's lemma, one finds
The two first terms at the RHS of Equation (68) do not contribute to the drift. The last term involves all dt-terms, that, by a change of measure, will enter the drift of the variance process dω(t) in Equation (65). Downloaded by [Lech A. Grzelak] 
Numerical Experiments with the FX-HLMM Model
We here focus on the FX-HLMM model covered in Section 3 and consider the errors generated by the various approximations that led to the model FX-HLMM1. We have performed basically two linearization steps to define FX-HLMM1: We have frozen the Libors at their initial values and projected the non-affine covariance terms on a deterministic function. We check, by a numerical experiment, the size of the errors of these approximations.
We have chosen the following interest rate curves P d (t = 0, T) = exp(−0.02T), P f (t = 0, T) = exp(−0.05T), and, as before, for the FX SV model we set:
In the simulation, we have chosen the following parameters for the domestic and foreign markets:
In the correlation matrix, a number of correlations need to be specified. For the correlations between the Libor rates in each market, we prescribe large positive values, as frequently observed in fixed income markets (see, e.g. Brigo and Mercurio, 2007) ,
. In order to generate skew for FX, we prescribe a negative correlation between FX T (t) and its SV process, v(t) , that is, ρ ξ ,v = −40%. The correlation between the FX and the domestic Libors is set as ρ 
with the domestic Libor correlations given by 
the correlation between Libors from the domestic and foreign markets given by
and the vectors C ξ ,d and C ξ ,f as used in Piterbarg (2006) are given by
. . .
Since in both markets the Libor rates are assumed to be independent of their variance processes, we can neglect these correlations here.
Now we find the prices of plain vanilla options on FX in Equation (49). The simulation is performed in the same spirit as in Section 2.5 where the FX-HHW model was considered. In Table 2 we present the differences, in terms of the implied volatilities between the models FX-HLMM and FX-HLMM1. While the prices for the FX-HLMM were obtained by Monte Carlo simulation (20.000 paths and 20 intermediate Table 2 . Differences, in implied Black volatilities, between the FX-HLMM and FX-LMM1 models. 
In the SV-DD models for the Libor rates L d,k (t) and L f ,k (t) for any k, the parameters (77) and (78) in the approximation FX-HLMM1.
By a Monte Carlo simulation, we obtain the FX implied volatilities from the fullscale FX-HLMM model for different values of β and by comparing them to those from FX-HLMM1 with β = 0 we check the influence of the parameters β d,k and β f ,k on the FX. In Table 3 , the implied volatilities for the FX European call options for Table 3 . Implied volatilities of the FX options from the FX-HLMM and FX-HLMM1 models, T = 10 and parameters were as in Section 3.3.
FX-HLMM (Monte Carlo simulation)
FX-HLMM1 β f = 0.5 = β f ,k = 0, is useful for the interest rate modelling, for the parameters studied. With β d,k = 0 and β f ,k = 0, the implied volatilities obtained by the FX-HLMM model appear to be somewhat higher than those obtained by FX-HLMM1, a difference of approximately 0.1−0.15%, which is considered highly satisfactory.
Conclusion
In this article, we have presented two FX models with SV and correlated stochastic interest rates. Both FX models were based on the Heston FX model and differed with respect to the interest rate processes.
In the first model we considered a model in which the domestic and foreign interest rates were driven by single factor Hull-White short-rate processes. This model enables the pricing of FX-interest rate hybrid products that are not exposed to the smile in the fixed income markets.
For hybrid products sensitive to the interest rate skew, a second model was presented in which the interest rates were driven by the SV Libor Market Model. For both hybrid models we have developed approximate models for the pricing of European options on the FX. These pricing formulas form the basis for highly efficient model calibration strategies.
The approximate models are based on the linearization of the non-affine terms in the corresponding pricing PDE, in a very similar way as in our previous article (Grzelak and Oosterlee, 2011) on equity-interest rate options. The approximate models perform very well in the world of FX. These models can also be used to obtain an initial guess when the full-scale models are used.
with full matrix of correlations given in Equation (12).
Appendix B: Tables
In this appendix we present tables with details for the numerical experiments. Table B1 . Expiries and strikes of FX options used in the FX-HHW model. Table B2 . Market-implied Black volatilities for FX options as given in Piterbarg (2006) . Note: The strikes K n (T i ) were tabulated in Table B1 . Table B3 . Differences, in implied volatilities, between the FX-HHW and FX-HHW1 models. Note: The parameters were chosen as in Section 2.5 except for the correlations: ρ ξ ,d = ρ ξ ,f = +15%. Table B4 . The calibration results for the FX-HHW model, in terms of the differences between the market (given in Table B2 ) and FX-HHW model-implied volatilities. (Fang and Oosterlee, 2008) for the FX-HHW1 model with 500 expansion terms. The strikes K n (T i ) are tabulated in Table B1 .
Downloaded by [Lech A. Grzelak] (Fang and Oosterlee, 2008) for the FX-HLMM1 model with 500 expansion terms. The strikes K n (T i ) are tabulated in Table B1 .
